The aim of our study was to evaluate by transcranial Doppler ultrasonography the dynamics of blood flow velocity changes in the middle cerebral artery during and after hypocapniainduced vasoconstriction in untreated essential hypertensive patients.
I
n hypertensive patients without neurological disorders, cerebrovascular resistance is elevated to maintain a resting cerebral blood flow (CBF) of the same magnitude as that in normotensive subjects. 1 On the other hand, it is well recognized that in individuals with chronic hypertension, the CBF autoregulation curve is shifted to the right compared with that of normotensive individuals. 1 The steady-state cerebrovascular reactivity to CO 2 has been shown to be similar in hypertensive and normotensive subjects. 2 However, the interference of arterial hypertension with the timecourse of CBF velocity recovery and the recovery of hyperventilation-induced hypocapnia has not yet been investigated. Our aim in the present study was to assess the dynamics of CBF velocity changes after hypocapniainduced vasoconstriction in patients with untreated essential hypertension compared with normotensive control subjects.
Subjects and Methods
Sixteen hypertensive patients and 10 normotensive control subjects entered the study. Individual anthropometric data and arterial blood pressure values are reported in Table 1 . Patients with mild-to-moderate essential hypertension belonged to stage I or II of the World Health Organization classification and showed no concurrent illness, including respiratory tract disorders. Antihypertensive drugs were withdrawn 4 weeks before the study. Patients were not allowed to smoke or to drink beverages containing xanthines for at least 24 hours before the study. The study was approved by the hospital ethics committee, and each subject gave informed consent.
Study Protocol
The study was performed in a single-blind fashion. Subjects lay in the supine position, and after 5 minutes of adaptation, CBF velocity in the middle cerebral artery (MCA) was measured bilaterally. Subjects were admitted to the study only if the difference between right and left CBF velocity values was less than 15% of 2 and minute ventilation were continuously recorded throughout the study.
Measurements
Arterial blood pressure was recorded noninvasivery (Dynamap model 845, Tampa, Fla.). CBF velocities in the MCA were measured according to the technique described by Aaslid et al. 3 A 2-MHz pulsed, range-gated Doppler instrument was used (model TC2-64B, EME, Ueberlingen, FRG). The ultrasonic transducer was placed at the temporal window of the head, 4 and its position was kept constant throughout the study. The insonation depth was 55 mm for all subjects. Bidirectional signals were recorded with a 10-KHz low-pass filter and a 150-Hz high-pass filter. Spectral analysis of the Doppler signals was performed in real time with 64-point fast Fourier transformation and recorded as velocity, assuming an angle of 0° between the transducer and the blood column. Values of peak systolic (sV), end-diastolic (dV), and mean CBF velocity were recorded. Each recording period lasted 5 seconds. PETCO 2 and minute ventilation were recorded breath-by-breath throughout the experiment with a computerized system (model MMC 4400tc, SensorMedics, Anaheim, Calif.). The subjects breathed through a face mask to which a digital volume transducer and a Teflon tube to sample expired gases were attached. Minute ventilation, respiratory rate, and tidal volume were obtained by processing the signal from the volume transducer. PETCO 2 was Values are mean±SE. MV, sV, and dV: mean blood, systolic, and diastolic flow velocities, respectively, in middle cerebral artery, VE, minute ventilation; Y^jCXii, end-tidal CO2 partial pressure.
measured by a fast-response infrared CO 2 analyzer. Values of PCTCO 2 were used as an indirect and noninvasive measure of arterial CO 2 partial tension. 5 To relate the changes in mean CBF velocity to the simultaneous changes in PCTCCS the ratio AMV/ AP^CC^ at each measurement point after hyperventilation was calculated for each individual subject. AMV values were calculated by subtracting the value measured during hyperventilation from the values obtained at each measurement point after hyperventilation. The same calculations were made for the corresponding data to obtain AP,nCO 2 .
Statistical Analysis
During the hyperventilation period, CBF velocities in the MCA and minute ventilation corresponding to the lowest PCTCO 2 were chosen for statistical assessment. Values are reported as mean±SE. Analysis of variance for repeated measurements was used to assess the differences existing at each time interval in each group. Only when there were significant differences (i.e., the null hypothesis was rejected) were pairwise contrasts performed, using the Newman-Keuls test, to determine at which level these differences existed. A value of /?<0.05 was considered significant.
Results
Baseline values of mean CBF velocity, sV, dV, minute ventilation, and PCTCO 2 in hypertensive patients were not significantly different from those in normotensive control subjects (Table 2) .
During hyperventilation, P Br CO 2 fell to the same extent in both groups (Figure 1) . After the end of hyperventilation, PETCO 2 rose slowly toward control values. Again, no difference between hypertensive patients and normotensive subjects was observed in the time-course of PETCO 2 recovery (Figure 1 ). Hypocapnia caused a significant fall in sV, dV, and mean CBF velocity in both hypertensive patients and normotensive subjects. No differences in the percentage fall of CBF velocities during hypocapnia were observed between the two groups. In fact, the fall in mean CBF velocity was 43.2±2.8% and 46.7±3.6% in hypertensive patients and normotensive subjects, respectively. However, the reduction of sV during hypocapnia was significantly (p<0.05) smaller than that of dV in both hypertensive patients (31 ±5% versus 52±4%) and normotensive subjects (34±5% versus 54±6%).
The spontaneous increase of POTCO 2 values toward baseline after the end of hyperventilation was associated with a progressive recovery of CBF velocities. This recovery was significantly faster in hypertensive patients than in nonnotensive subjects ( Figure 1) ; in the former, mean CBF velocity, sV, and dV reverted to baseline values within 1.5 minutes after the end of hyperventilation. In contrast, CBF velocities in normotensive subjects were still significantly lower than baseline values at 3 minutes after the end of hyperventilation (Figure 1) . The ratio AMV/AP ET CO 2 was significantly greater in hypertensive patients at 60, 90, 120, and 150 seconds after hyperventilation (Figure 2 ), thus indicating that for a given change in PETCC^, mean CBF velocity increased to a greater extent in hypertensive patients compared with normotensive subjects.
FIGURE 1. Graphs showing mean±SE values of end-tidal CO 2 partial pressure (PETCO?), mean blood flow velocity (MV), diastolic blood flow velocity (dV), and systolic blood flow velocity (sV) in the middle cerebral artery measured at baseline (B), during hyperventilation (HV), and at 30-second intervals after HV in hypertensive patients
Despite a significant difference in body weight between hypertensive patients and normotensive subjects (Table 1) , the minute ventilation was virtually the same in the two groups during hyperventilation (57 ±4 versus 61 ±5 1/min) and at each observation time during the posthyperventilation period.
Arterial pressure did not change significantly throughout the experiment in either group.
Discussion
This study demonstrates that the recovery of CBF velocity in the MCA after hyperventilation-induced hypocapnia is faster in hypertensive patients compared with normotensive controls. This phenomenon follows a similar hypocapnia-induced fall of CBF velocity in the two groups.
In our study, resting values of CBF velocity in the MCA measured in hypertensive patients were similar to those observed in normotensive subjects and were within the normal range previously reported in large population studies. 67 The reduction of arterial CO 2 partial pressure causes a shift of periarteriolar pH that induces vasoconstriction, 8 leading to an increase in cerebrovascular resistance that is, in turn, responsible for the reduction in CBF and flow velocity in cerebral arteries. It has been previously shown that the diameter of large basilar cerebral arteries remains constant during hypocapnia, 9 thereby implying that changes in CBF induced by alterations of PETCO 2 should also be proportional to the changes in flow velocity detectable at the level of basilar arteries. 10 The changes in CBF velocity in the MCA in response to CO 2 alterations strongly reproduce the CBF response curve to CO 2 in normal subjects. 11 Our findings that end-diastolic CBF velocity in the MCA decreases to a greater extent than peak systolic CBF velocity further support the previously suggested concept that hypocapnia causes a reduction of the caliber of small arterioles. 12 Hypertensive patients showed a reduction in CBF velocity during hypocapnia similar to that of normotensive controls and that previously reported in normal subjects for similar changes in PCTCO 2 .
13 Thus, our findings support previous observations showing that total CBF response to hypocapnia, as measured using the intracarotid xenon-133 injection method, is unaltered in chronic hypertension. 2 This study was carried out using an ultrasonic approach that attempted to evaluate the time-course of recovery of CBF velocity after hyperventilation-induced hypocapnia in both normotensive subjects and hypertensive patients.
In the present study, the difference of the time-course of CBF velocity in the MCA during the posthyperventilation period was observed in the presence of overlapping PCTCO 2 values (Figure 1 ), whereas the ratio AMV/ AP ET CO 2 was significantly higher in hypertensive patients compared with normotensive subjects during the posthyperventilation period (Figure 2 ). From these observations we conclude that the faster recovery of mean CBF velocity observed in hypertensive patients does not result from different changes in P BI CO 2 .
Body weight was significantly higher in hypertensive patients. Because the measurements were performed with participants in the supine position, it can be argued that the greater abdominal mass of the hypertensive patients could interfere with respiratory dynamics. However, this was not the case because similar values of both minute ventilation and P BT CO 2 were observed in hypertensive patients and normotensive subjects throughout the study.
The different pattern of mean CBF velocity recovery in hypertensive patients could be explained in light of previous evidence that the distensibility of cerebral arterioles is paradoxically increased in spontaneously hypertensive rats despite hypertrophy of the arteriolar wall.
14 On the basis of these mechanical changes associated with hypertension, it would be expected that after hyperventilation, the recovery of CBF velocity in the MCA becomes faster in hypertensive patients because of a more rapid arteriolar dilatation. On the other hand, it is difficult to explain the faster dilatation as a consequence of a greater release of vasodilating substances. In fact, chronic hypertension has been reported to cause impairment of endothelium-dependent relaxation of cerebral arterioles and responses of collateral blood vessels. 15 A blood pressure effect on the recovery of CBF velocity can also be ruled out, considering that mean arterial pressure did not change throughout the study and remained in the CBF autoregulatory range.
Another possible mechanism that could be involved in determining the faster recovery of CBF velocity in hypertensive patients may be the resting arteriolar tone, which is known to be higher in these patients. In this respect, Aaslid et al 16 demonstrated that in normal subjects, changes in CBF velocity in response to sudden changes in arterial blood pressure were faster during hypocapnia, i.e., associated with an increase of resting arteriolar tone. These findings show that the greater the resting vasomotor tone, the faster the appearance of changes in cerebrovascular resistance.
Finally, this study provides further evidence that chronic arterial hypertension is associated with changes in cerebrovascular reactivity. The faster recovery of CBF velocity in the MCA after hyperventilation in hypertensive patients is likely to be a consequence of a faster arteriolar dilatation. This in turn suggests that CBF velocity regulation in hypertensive patients is particularly sensitive to intracranial vasoconstrictive stimuli, such as changes in the periarteriolar pH due to hypocapnia.
